Regulation of Chemosensory Receptor Expression and Sensory Signaling by the KIN-29 Ser/Thr Kinase  by Lanjuin, Anne & Sengupta, Piali
Neuron, Vol. 33, 369–381, January 31, 2002, Copyright 2002 by Cell Press
Regulation of Chemosensory Receptor Expression
and Sensory Signaling by the KIN-29 Ser/Thr Kinase
and makes the decision to continue reproductive growth
or to enter into the nonreproducing dauer stage. Genetic
experiments have identified three parallel pathways, in-
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Department of Biology and Volen Center
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Brandeis University cluding a TGF- and insulin signaling pathway, that reg-
ulate dauer formation (Vowels and Thomas, 1992;MS 008
415 South Street Thomas et al., 1993; Gottlieb and Ruvkun, 1994; Riddle
and Albert, 1997). Signaling by these pathways must beWaltham, Massachusetts 02454
precisely regulated by sensory cues such that informa-
tion from changing environmental conditions is trans-
duced accurately. Dauer-inducing conditions result inSummary
reduced expression of the DAF-7 TGF- ligand, and may
alter expression and/or secretion of insulin-like ligandsSensory signals regulate multiple developmental and
behavioral circuits in C. elegans, providing a geneti- from sensory neurons (Ren et al., 1996; Schackwitz et
al., 1996; Sze et al., 2000; Pierce et al., 2001). Geneticcally tractable system in which to investigate the
mechanisms underlying the acquisition and integra- experiments have suggested that signaling by each of
these pathways is regulated by multiple, parallel, andtion of sensory information. kin-29 mutants are defec-
tive in the expression of a set of chemoreceptor genes, likely partially redundant sensory inputs. However, the
processes by which sensory information is acquired andand exhibit characteristics associated with altered sen-
sory signaling, including increased lifespan, decreased relayed to these pathways are largely undefined.
Here we describe the cloning and characterization ofbody size, and deregulated entry into the dauer devel-
opmental stage. kin-29 encodes a Ser/Thr kinase with the gene kin-29. kin-29 mutants exhibit a small body
size, developmental retardation, and increased longev-similarity to the MARK and AMPK/SNF1 family of ki-
nases. We show that KIN-29 acts cell-autonomously ity, and are defective in the correct regulation of dauer
formation by both the TGF- and insulin signaling path-and non-cell-autonomously in sensory neurons to reg-
ulate chemoreceptor expression, body size, and the ways. Interestingly, kin-29 mutants also exhibit defects
in the expression of a subset of olfactory receptor genes.dauer decision, suggesting that kin-29 function is es-
sential for the correct acquisition and transduction of kin-29 encodes a novel Ser/Thr kinase related to the
AMPK/SNF1 and MARK family of kinases. We show thatsensory information.
KIN-29 acts both cell-autonomously and non-cell-
autonomously within the chemosensory neurons to reg-Introduction
ulate most processes, suggesting that mutations in
kin-29 result in a compromised ability to acquire andThe ability to sense nutrients, and to correctly acquire,
integrate, and transduce this information, is of para- transduce sensory information to multiple develop-
mental and behavioral circuits.mount importance in the lifecycles of all organisms. For
example, in Drosophila, food signals regulate several
behaviors, and play an important role in regulating cell Results
size, growth, and development (Robertson, 1963; Britton
and Edgar, 1998; Stern and Emlen, 1999). Many aspects Regulation of Expression of a Subset of Olfactory
of development and behavior of C. elegans are also Receptor Genes by KIN-29
regulated by sensory signals. Reduced sensory inputs In a screen for mutants with altered expression of the
cause increased longevity at least in part via decreased candidate olfactory receptor gene str-1 (Troemel et al.,
insulin signaling (Apfeld and Kenyon, 1999; Lin et al., 1997; Dwyer et al., 2001), we identified two alleles, oy38
2001; Tissenbaum and Guarente, 2001). Nutrient cues and oy39, in which expression of a stably integrated str-1::
alter the rates of egg-laying, foraging, defecation, loco- GFP fusion gene was reduced, but not abolished in the
motion, and pharyngeal pumping, and modulate as- two AWB olfactory neurons (Figures 1A, 1B, and 2).
pects of social behavior (Horvitz et al., 1982; Avery and Expression levels were reduced equivalently in both al-
Horvitz, 1990; Thomas, 1990; Liu and Thomas, 1994; de leles (data not shown). oy38 and oy39 define the gene
Bono and Bargmann, 1998; Sawin et al., 2000). Each kin-29 (previously referred to as sns-8 or sma-11; A.L.
of these behaviors is regulated by partly independent and P.S., unpublished data; L. Maduzia and R. Padgett,
neuronal circuits, indicating that signals from food must personal communication). Additional aspects of AWB neu-
be transmitted to modulate the activities of multiple mo- ronal differentiation including characteristic ciliary mor-
tor circuits. phology and axonal trajectory were unaltered in kin-29
The sensory cues of food, temperature, and concen- mutants, indicating that the overall fate of the AWB neu-
trations of a constitutively produced pheromone also rons was unaffected.
strictly regulate a developmental decision in C. elegans To confirm that expression of the endogenous gene
(Golden and Riddle, 1982, 1984a). During the first larval was also affected, we examined expression of the str-1
stage of growth, C. elegans assesses its environment gene by RT-PCR. When normalized to the expression
levels of the olfactory receptor gene odr-10 (Sengupta
et al., 1996), whose expression is unaffected in kin-291 Correspondence: sengupta@brandeis.edu
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str-1 levels by RT-PCR in lim-4 mutants showed a 5-fold
decrease in the levels of expression as compared to
wild-type animals (Figure 1C), consistent with the
stronger defect observed in str-1::GFP expression.
We investigated the extent to which expression of
olfactory receptor genes is altered in kin-29 mutants.
The C. elegans genome is predicted to encode over
800 chemosensory receptor genes (Troemel et al., 1995;
Robertson, 1998, 2000). The expression patterns of only
a fraction of these genes have been determined, and
shown to be expressed in small subsets of chemosen-
sory neurons (Troemel et al., 1995, 1997; Sengupta et
al., 1996; Peckol et al., 1999; Troemel, 1999). We found
that the expression of two additional AWB-specific ol-
factory receptor genes was either weakly reduced
(str-219) or strongly affected (str-220) in kin-29 mutants
(Figure 2). In addition, expression of the receptor gene
sra-6 (Troemel et al., 1995) was reduced in the ASH
sensory neurons. Interestingly, expression of the recep-
tors srg-8 and sra-9 in the ASK chemosensory neurons
appeared to be upregulated in kin-29 mutants. Expres-
sion of seven additional candidate receptor genes in
different chemosensory neurons was either unaffected
or more weakly affected in kin-29 mutants (Figure 2).
These results show that KIN-29 acts to promote correct
levels of expression of a subset of olfactory receptor
genes in at least three sensory neuron types.
We examined the behavioral consequences of altered
olfactory receptor expression by investigating the re-
sponses of kin-29 mutants to all known olfactory and
mechanosensory stimuli sensed by these neurons
(Bargmann and Mori, 1997). However, kin-29 mutants
exhibited unaltered responses to tested stimuli (data
not shown), suggesting that affected receptors such
as str-1, str-220, and sra-6 likely do not mediate the
responses to these stimuli. Alternatively, lower levels of
expression of these receptors retained in kin-29 mutants
may be sufficient to mediate these responses. These
Figure 1. KIN-29 Regulates Expression of the str-1 Chemoreceptor results also suggest that the expression of additional
Gene in the AWB Olfactory Neurons signaling genes required for sensory neuron functions
(A) The str-1 promoter drives expression of GFP in the AWB neurons are not grossly altered in kin-29 mutants.
(adult animal, lateral view).
(B) Expression of str-1::GFP is reduced but not abolished in kin-
kin-29 Encodes a Novel Ser/Thr Kinase Related29(oy38) mutants (adult animal, lateral view). The cell body of the
AWB neuron is marked with an arrowhead. The cell body of an AIN to the AMPK/SNF1 and MARK Kinases
interneuron which expresses str-1::GFP weakly is visible posterior We identified the molecular nature of kin-29 by mapping
to the AWB cell body. Images in (A) and (B) were acquired using kin-29(oy38) with respect to polymorphisms, duplica-
identical exposure times at 400 magnification. Anterior is at left;
tions, and known genetic markers to a small geneticscale  50 m.
interval on LG X (Figure 3A). Rescue of kin-29(oy38) and(C) Expression of endogenous str-1 message is reduced in kin-29
kin-29(oy39) phenotypes was obtained with a single ORFand lim-4 mutants. Shown is the ratio of endogenous str-1 message
to endogenous odr-10 message in wild-type, kin-29(oy38), and lim-4 from this interval encoding a Ser/Thr kinase (Table 3
(ky403) animals. The mean of the ratios from 7 (wild-type), 14 (kin-29), and data not shown; see Experimental Procedures). De-
and 7 (lim-4) independent PCR experiments performed on at least letion of the predicted kinase domain abolished this
two days are shown. Independently performed RT-PCR experiments
rescuing activity.showed similar relative differences. An asterisk marks levels that
We analyzed the sequences of ESTs associated withare different from wild-type at p  .05.
this interval (a gift of Yuji Kohara) to determine the geno-
mic structure of kin-29. The genomic kin-29 locus is
comprised of 16 exons and 15 introns (Figure 3B), andmutants (Figure 2), expression of endogenous str-1 was
reduced approximately 1.5-fold in kin-29 mutants as is predicted to encode a protein of 822 amino acids.
KIN-29 shares highest homology in the kinase domaincompared to wild-type animals (Figure 1C). As a control,
we examined expression of str-1 in animals carrying (55% identity) with a kinase of unknown function pre-
dicted by the Drosophila genome project (EG22E5.8;mutations in the LIM homeobox gene lim-4, which is
required for correct fate specification of the AWB neu- Adams et al., 2000), and to a human kinase represented
by a cDNA isolated from a brain-specific library (53%rons (Sagasti et al., 1999). Examination of endogenous
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Figure 2. KIN-29 Regulates the Expression
of a Subset of Chemoreceptors
The percentage of animals expressing GFP
at different intensities is indicated by filled
circles of the appropriate size shown at the
bottom. Expression was examined in strains
carrying either integrated copies of recep-
tor::GFP fusions, or extrachromosomal arrays
(str-219, str-220, srg-8, sre-1, sro-1, sra-9,
srg-13). For arrays, numbers shown are from
one or two independent lines. For each fusion
gene, expression from the same array was
examined in wild-type and kin-29 mutants.
Since each receptor::GFP fusion is expressed
at different levels, expression was examined
under different magnifications to quantitate
the qualitative differences observed. Bright—
ability to observe GFP expression in the cell
body and processes of at least one indicated
neuron; Dim—ability to observe GFP expres-
sion in the cell body but not the processes
of at least one indicated neuron; None—no
GFP expression. Expression was observed
under 400 magnification for all recep-
tor::GFP fusions shown in the top panel, with
the exception of str-3 and sre-1 which were
examined under 100magnification. Expres-
sion of receptor::GFP fusions shown in the
bottom panel was examined under 45mag-
nification, with the exception of str-2::GFP
which was examined at 80. The categories
of dim expression and no expression could
not be differentiated at this magnification.
More than 65 animals were examined in all
cases, with the exception of animals carrying
extrachromosomal arrays of an srg-8::GFP
fusion gene (35 animals examined).
identity with KIAA0999; Nagase et al., 1999) (Figures result in a frameshift and premature termination re-
sulting in proteins of 43 and 54 residues, respectively,3C and 3D). The kinase domain of KIN-29 also shows
homology to the MARK and AMPK/SNF1 families of Ser/ indicating that oy38 is likely a molecular null.
Thr kinases (Drewes et al., 1995; Hardie et al., 1998;
Carlson, 1999) (Figures 3C and 3D). Among character- kin-29 Mutants Exhibit Compromised
Dauer-Regulatory Neuroendocrine Signalingized MARK family members, the kinase domain of KIN-
29 shares 48%–50% identity with the kinase domains The activities of the dauer-regulatory TGF- and insulin
pathways are regulated by the sensory cues of phero-of MARK1, MARK2/EMK, and C. elegans PAR-1 (Guo
and Kemphues, 1995). KIN-29 also shares significant mone, food, and temperature (Albert et al., 1981; Golden
and Riddle, 1984a, 1984b; Ren et al., 1996; Schackwitzhomology to the AMPK/SNF1 kinases (37% identity in
the kinase domain). Regions other than the catalytic et al., 1996; Ailion and Thomas, 2000; Sze et al., 2000).
Loss-of-function mutations in components of thesedomain show no significant matches to other proteins.
We identified the nature of the lesions in the oy38 and pathways result in constitutive dauer formation, regard-
less of environmental conditions (Daf-c phenotype).oy39 alleles (Figures 3B and 3D). oy39 is a missense
mutation resulting in the replacement of a highly con- Since kin-29 mutants exhibit altered expression of a
subset of olfactory receptor genes, we investigatedserved Ser in the catalytic domain to Pro. This mutation
is predicted to severely affect the kinase activity of KIN- whether these animals exhibit defects in their ability to
correctly acquire sensory information from their environ-29. oy38 is a complex rearrangement, involving a dele-
tion of 526 bp of kin-29 genomic sequences from the ment, resulting in deregulated sensory inputs into the
dauer process. Under standard growth conditions,second intron to the start of the fourth exon, and replace-
ment by sequences from elsewhere on LG X. RT-PCR kin-29 mutants do not exhibit defects in dauer formation
at any temperature (Table 1). However, animals withexperiments using primers flanking the site of the re-
arrangement detected two transcripts in oy38 mutants, compromised abilities to sense food or temperature are
often hypersensitive to dauer pheromone, and enter theboth of which were substantially truncated relative to
the expected size of the wild-type transcript (not shown). dauer stage inappropriately at concentrations of phero-
mone which do not promote dauer formation in wild-No transcripts of the expected wild-type size were de-
tected. Sequencing of the truncated transcripts showed type animals (Golden and Riddle, 1984a, 1984b; Thomas
et al., 1993; Ailion and Thomas, 2000; Daniels et al.,that these transcripts arose due to incorrect splicing
events. Translation of either of these messages would 2000). As shown in Figure 4, we found that consistent
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Figure 3. kin-29 Encodes a Ser/Thr Kinase
(A) Genetic map position of kin-29.
(B) Exon/intron structure of kin-29 deduced from cDNA sequences. Filled exons encode the kinase domain. The position of the oy39 mutation
and the extent of the oy38 deletion are marked.
(C) Phylogram showing a consensus tree of the kinase domains of KIN-29 (residues 16–267) and related Ser/Thr kinases. All alignments were
performed using the ClustalW algorithm and the tree was generated using the ProML program of the PHYLIP package (Higgins et al., 1996;
Felsenstein, 1989). One hundred bootstrap replicates were performed and bootstrap values are indicated by hatchmarks: (/)—50%; (//)—
50%–79%; (///)—80%–100%. Sequences used were as follows: MARK1—gi2052188; MARK2/EMK—gi2052190; MARK3/C-TAK1—gi4505102;
PAR-1—gi733122; EG:22E5.8—gi7290249; KIAA0999—gi33229; AMPK—gi5453964; DmAMPK—gi2443746; SNF1—gi6320685; CaMKII—
gi90334; UNC-43—gi5834389.
(D) shows alignment of the kinase domains of KIN-29, EG:22E5.8 (Drosophila), MARK1 (rat), and AMPK (human). Residues identical to KIN-
29 are shaded. An asterisk marks the conserved Ser mutated to a Pro in oy39.
with defects in sensory signaling, kin-29 mutants are dauer formation defects (Syn-Daf phenotype) (Ailion et
al., 1999; Daniels et al., 2000; I. Katsura, personal com-hypersensitive to dauer pheromone.
Single mutations in genes such as unc-31, unc-3, and munication). We have previously suggested that egl-4
regulates TGF- signaling, possibly by relaying sensoryegl-4 only partly deregulate the dauer decision such that
inputs into the TGF-, but not the insulin pathway (Dan-similar to kin-29 mutants, they exhibit weak or no effects
iels et al., 2000). unc-3 encodes an Olf-1/EBF-like tran-on dauer formation on their own. However, double mu-
scription factor, and also affects TGF- signaling bytant combinations among these genes result in synthetic
regulating expression of the daf-7 TGF- ligand gene
(Prasad et al., 1998; M. Ailion and J. Thomas, personal
Table 1. kin-29 Is Syn-Daf with egl-4, unc-3, and tph-1 communication; P. Ren and D. Riddle, personal commu-
nication). unc-31 encodes a CAPS-related protein, andPercent Dauer Formationb
is believed to regulate insulin secretion in response to
Straina 20C 25.5C
sensory and/or metabolic signals (Livingstone, 1991;
Wild-type 0 (203) 0 (379) Avery et al., 1993; Nguyen et al., 1995; Ann et al., 1997;
kin-29(oy38) 0 (119) 0 (279) Ailion et al., 1999). We examined whether kin-29 is Syn-
unc-31(e169) 0 (186) 0 (341)
Daf with unc-31, unc-3, and egl-4. We found that whileunc-3(e151) 0 (321) 1 (347)
unc-31; kin-29 double mutants are not Syn-Daf, kin-29egl-4(n479) 0 (139) 0 (206)
is Syn-Daf with egl-4 at all temperatures examined (Ta-tph-1(mg280) 1 (136) 5 (347)
unc-31(e169); kin-29(oy38) 0 (131) 0 (288) ble 1). kin-29 is also weakly Syn-Daf with unc-3 at 25.5C;
kin-29(oy38) unc-3(e151) 0 (146) 11 (263) however, mutations in kin-29 do not affect expression
egl-4(n479); kin-29(oy38) 43 (100) 46 (238) of a daf-7::GFP fusion gene (not shown).
tph-1(mg280); kin-29(oy38) 35 (130) 42 (161) The effects of food on multiple behaviors can be
a All strains contain integrated copies of a str-1::GFP fusion gene largely mimicked by serotonin (Horvitz et al., 1982; Avery
(kyIs104). A wild-type strain (N2) assayed in parallel did not form and Horvitz, 1990; Weinshenker et al., 1995; Nurrish et
dauers at either temperature. al., 1999; Sawin et al., 2000). tph-1 encodes a tryptophan
b Numbers in parentheses refer to number of animals counted.
hydroxylase enzyme required for serotonin biosynthesis
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Figure 4. kin-29 Mutants Are Hypersensitive
to Dauer Pheromone
Shown are the percentage of dauers formed
on plates containing the indicated amounts
of dauer pheromone. More than 40 animals
of each genotype were counted at each con-
centration. Numbers shown are from a single
experiment with all strains assayed in parallel.
Experiments performed on independent days
showed similar results.
(Sze et al., 2000). tph-1 mutants are long lived, and kin-29 Mutants Exhibit Additional Defects
Associated with Reduced Sensory Signalingexhibit altered TGF- and insulin signaling (Sze et al.,
Including Increased Lifespan2000). tph-1 mutants are Syn-Daf with egl-4, unc-3, and
In addition to neuroendocrine signaling, several motorunc-31 mutants (Daniels et al., 2000), suggesting that
behaviors in C. elegans are regulated by food cues. C.serotonergic signaling via tph-1 acts in parallel to these
elegans increases its rate of egg-laying and decreasesgenes. In kin-29 mutants, reduced receptor expression
the rate of foraging and locomotion in response to foodand consequent compromised ability to sense food
cues. These cues are largely transmitted via serotoner-cues may result in reduced serotonergic signaling. To
gic signaling (Horvitz et al., 1982; Trent et al., 1983;examine this possibility, we examined the phenotypes
Mendel et al., 1995; Segalat et al., 1995; Sawin et al.,of tph-1; kin-29 double mutants. We found that tph-1;
2000; Sze et al., 2000). Since kin-29 mutants may bekin-29 double mutants are Syn-Daf (Table 1), suggesting
unable to correctly sense and/or process food signals,that kin-29 does not act solely in a linear pathway with
we investigated whether kin-29 mutants show defectstph-1 to regulate neuroendocrine signaling.
in additional food-regulated behaviors.The Daf-c phenotype, as well as other pleiotropies of
We found that when placed on a lawn of bacteria,mutants in the TGF- pathway, but not in other path-
kin-29 mutants modulated their rates of egg-laying andways, are suppressed by mutations in daf-5, scd-1, and
locomotion similar to wild-type animals, indicating thatin the SMAD gene daf-3 (Thomas et al., 1993; Patterson
mutations in kin-29 do not significantly affect sensoryet al., 1997; Inoue and Thomas, 2000). Conversely, muta-
inputs into the circuits regulating these motor outputs.tions in the forkhead domain transcription factor gene
However, even in the presence of ample food, kin-29
daf-16 suppress the Daf-c phenotypes of mutants in the
mutants foraged hyperactively similar to food-deprived
insulin signaling, but not the TGF- pathway (Thomas
animals (85% of kin-29 mutants hyperforaged on food
et al., 1993; Lin et al., 1997; Ogg et al., 1997). We found compared to 19% of wild-type animals; n  60 for each),
that daf-5(e1385) fully suppressed the pheromone hy- suggesting a defect in sensory signaling in these mutants.
persensitivity of kin-29(oy38) mutants, while daf-16 Mutants with defects in sensory perception and daf-2
(mgDf50) showed weaker but significant suppression insulin receptor mutants have been shown to be long
(Figure 4). In addition, the Syn-Daf phenotype of egl-4; lived (Kenyon et al., 1993; Kimura et al., 1997; Apfeld
kin-29 double mutants was also suppressed by both and Kenyon, 1999). This lifespan extension is largely
daf-5(e1385) and daf-16(mgDf50) (Table 2). However, (although not completely in the case of sensory mutants)
mutations in daf-5 or daf-16 did not suppress the str-1:: suppressed by daf-16 mutations, leading to the hypoth-
GFP expression defect phenotype of kin-29(oy38) ani- esis that perception of environmental cues by sensory
mals (not shown), suggesting that the outputs of the neurons regulates insulin signaling, with decreased sig-
TGF- and insulin pathways through daf-5 and daf-16 naling resulting in extended lifespan (Dorman et al.,
do not affect receptor regulation by KIN-29. Consistent 1995; Larsen et al., 1995; Lin et al., 1997; Ogg et al.,
with this, Daf-c mutations in the TGF- pathway also 1997; Apfeld and Kenyon, 1999). We found that kin-29
do not affect expression of str-1::GFP (T. Sarafi-Reinach mutants are also long lived, and on average exhibited
and P.S., unpublished data). These data suggest that an extended lifespan similar to that of mutants with
sensory inputs into both the TGF- and insulin pathways compromised sensory perception, such as tax-4 (Figure
5). In addition, the extended lifespan of kin-29 mutantsmay be compromised in kin-29 mutants.
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Table 2. The Syn-Daf Phenotype of egl-4; kin-29 Is Suppressed by daf-5 and daf-16
Percent Dauer Formationc
Straina,b 20C 25.5C
Wild-type 0 (405) 0 (335)
kin-29(oy38) 0 (187) 0 (85)
egl-4(n479) 0 (367) 0 (103)
egl-4(n479); kin-29(oy38) 49 (179) 51 (92)
daf-5(e1385); egl-4(n479); kin-29(oy38) 0 (234) 0 (123)
daf-16(mgDf50); egl-4(n479); kin-29(oy38) 1 (110) 2 (123)
a All strains contain integrated copies of a str-1::GFP fusion gene (kyIs104). A wild-type strain (N2) assayed in parallel did not form dauers at
either temperature.
b Dauer formation by daf-5(e1385) and daf-16(mgDf50) single mutants were not examined in this experiment. These animals do not form dauers
at either 20C or 25C.
c Numbers in parentheses are number of animals counted.
was fully suppressed by daf-16(mgDf50), suggesting 98% of wild-type animals are adults (n 902), compared
to 24% of kin-29(oy38) animals (n  930). The numberthat the increased lifespan of kin-29 mutants is due to
decreased insulin signaling. of kin-29(oy38) adults increased to 71% after growth
for an additional 24 hr at 25C. This developmental de-
fect is partially rescued by growth at lower temperatureskin-29 Mutants Are Small and Exhibit
(not shown). The delay in growth does not appear to beDevelopmental Delays
specific to a particular developmental stage; instead,kin-29 mutants exhibit additional pleiotropies, consis-
once hatched, kin-29 mutants exhibit an overall delayedtent with defects in their ability to correctly sense and/
growth rate. The body size and the developmental de-or process nutrient cues. kin-29 mutant animals exhibit
fect phenotypes are not suppressed by daf-5(e1385) ora small body size, similar to mutants in a second inde-
daf-16(mgDf50) (not shown).pendent TGF- signaling pathway shown to regulate
body size in C. elegans (Savage et al., 1996; Patterson
and Padgett, 2000) (Table 3). However, mutations in A Functional KIN-29::GFP Fusion Protein Is
components of this body size-regulatory TGF-pathway Localized Cytoplasmically in Many Cell Types,
did not affect expression of str-1::GFP (data not shown), Including Sensory Neurons, and Translocates
indicating that this pathway does not play a role in regu- to the Nucleus upon Heat Shock
lating str-1 expression. We determined the expression pattern of kin-29 by cre-
kin-29 mutants also exhibit developmental delays and ating a GFP-tagged fusion gene where GFP coding se-
growth defects. While the number of eggs laid by wild- quences were fused in-frame to the last exon of kin-29
type and kin-29(oy38) mutants is similar, and all eggs (see Experimental Procedures). This fusion gene fully
appear to hatch, after 3 days at 25C, approximately rescued the defects in receptor expression, body size,
and growth of kin-29 mutants (Table 3 and data not
shown). We examined the expression of kin-29::GFP in
wild-type animals carrying stably integrated copies of
this fusion gene. kin-29::GFP expression was primarily
neuronal, with additional expression in body wall muscle
and hypodermal cells (Figures 6 and 7). Expression per-
sisted through all stages of postembryonic develop-
ment. Among neuronal cells, kin-29 was expressed in
multiple sensory neurons and interneurons in the lateral,
anterior, and lumbar ganglia, as well as in motor neurons
in the ventral motor cord. To determine whether kin-29
is expressed in the AWB neurons, we examined colocali-
zation of expression of kin-29::GFP and an odr-1::RFP
fusion gene. odr-1::RFP is expressed exclusively in the
Figure 5. kin-29 Mutants Exhibit Extended Lifespan, and This Lon-
AWB and AWC neurons (L’Etoile and Bargmann, 2000). Asgevity Is Suppressed by a daf-16 Mutation
shown in Figure 6, kin-29::GFP colocalizes with odr-1::RFP
The lifespans of 75 animals of each genotype were examined.
expression in both the AWB and AWC olfactory neurons.Numbers shown are from a single experiment which has been per-
kin-29 was also expressed in the ASH, AFD, ASJ, AWA,formed at least one other time with all strains examined in parallel.
All strains (except tax-4) contain integrated copies of a str-1::GFP ASK, ASG, and ASI sensory neurons, among others.
fusion gene (kyIs104). The lifespan of wild-type (N2) animals exam- In addition, kin-29 was expressed in the AIY and AIZ
ined in parallel was not significantly different from that of kyIs104 interneurons, which are the primary postsynaptic part-
carrying animals. Mean lifespans were (days 	 SD): Wild- ners of several sensory neurons (White et al., 1986), and
type—16.2	 3.7; tax-4(p678)—20.6	 5.8; kin-29(oy38)—22.9	 3.6;
represent major sites of integration of sensory informa-daf-16(mgDf50)—12.7 	 2.1; daf-16; kin-29—13.8 	 3.0. The mean
tion. Additional kin-29-expressing cells were not identi-lifespan of tax-4 and kin-29 is significantly different from that of
wild-type animals at p  .0001. fied definitively.
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Table 3. KIN-29 Acts Cll-Autonomously to Regulate str-1::GFP Expression, and Non-Cell-Autonomously to Regulate Body Size
and Dauer Formation
Straina,b Percent Expressing GFPc Mean Body Length (mm)
Wild-type 100 (100) 1.06 	 .07 (44)
kin-29(oy38) 0 (100) 0.80 	 .06d (33)
kin-29(oy38); Ex[kin-29 genomic] 98 (171) 1.09 	 .08 (41)
kin-29(oy38); Ex[GFP-tagged kin-29 genomic] 99 (150) 1.08 	 .05 (30)
kin-29(oy38); Ex[unc-14::kin-29] 99 (186) 1.05 	 .10 (44)
kin-29(oy38): Ex[odr-4::kin-29] 100 (91) 1.00 	 .06 (44)
kin-29(oy38); Ex[osm-6::kin-29] 98e (161) 0.82 	 .08d (43)
kin-29(oy38); Ex[lim-4::kin-29] 98 (196) 0.88 	 .08d (20)
kin-29(oy38); Ex[odr-1::kin-29] 96 (210) 0.81 	 .05d (20)
Percent Dauer Formation at 20C
egl-4; kin-29 66 (35)
egl-4; kin-29; Ex[unc-14::kin-29] 1 (142)
egl-4; kin-29; Ex[odr-4::kin-29] 2 (64)
a For lines containing extrachromosomal arrays, data from transgenic animals from one or two independent lines are shown. In cases where
data from two lines were combined, the two lines were equivalent. kin-29 genomic and GFP-tagged kin-29 genomic refer to an 10 kb kin-29
genomic fragment with or without a GFP tag.
b All strains contain the pRF4 coinjection marker and integrated copies of the str-1::GFP fusion gene.
c Expression was defined as the ability to observe GFP expression in the cell body and processes of at least one AWB neuron at 45
magnification.
d Denotes values that are different from wild-type at p  .0001.
e Animals examined were L4s. All other animals examined were adults.
Numbers in parentheses are the number of animals examined.
We found that KIN-29::GFP was localized cytoplasmi- ture downshift. This suggests that KIN-29 is capable of
undergoing transient translocation to the nucleus undercally, and was excluded from the nuclei of most, if not
all, cell types (Figures 6, 7A, and 7C). We examined the specific environmental conditions.
subcellular localization of KIN-29::GFP through develop-
ment and under conditions of cellular stress such as
KIN-29 Acts Cell-Autonomously and Cell-Non-starvation and heat shock. KIN-29::GFP was localized
Autonomously within the Chemosensory Neuronscytoplasmically at all stages of development examined,
to Regulate Receptor Expression, Body Size,including in dauer larvae. However, we found that KIN-29::
and Dauer FormationGFP was rapidly translocated to the nucleus upon heat
We determined the spatial requirements for KIN-29 func-shock (Figures 7B and 7D), but not upon starvation for
tion by expressing a kin-29 cDNA under the control of1–8 hr, addition of dauer pheromone, or in a tph-1 mutant
different cell and tissue type-specific promoters. To de-background (not shown), although transient nuclear lo-
termine whether KIN-29 acts cell-autonomously withincalization in a subset of cell types cannot be ruled out.
the AWB neurons to regulate receptor expression, weHeat shock-induced translocation was observed in most,
first expressed kin-29 under the lim-4 and odr-1 promot-if not all cells, including neurons, muscles, and hypodermal
ers. The lim-4 promoter drives expression in the AWBcells. Translocation was reversible; KIN-29::GFP was relo-
and additional nonsensory neuron types (Sagasti et al.,calized to the cytoplasm within an hour upon tempera-
1999), while the odr-1 promoter drives expression only
in the AWB and AWC olfactory neurons (L’Etoile and
Bargmann, 2000). As shown in Table 3, expression of
both lim-4::kin-29 and odr-1::kin-29 fully rescued the
str-1::GFP expression defect, confirming that kin-29
acts cell-autonomously to regulate olfactory receptor
expression. However, kin-29 expression driven by the
lim-4 and odr-1 promoters was not sufficient to rescue
additional kin-29(oy38) mutant phenotypes (Table 3).
We next determined the site of action of kin-29 for regu-
lation of the body size and Syn-Daf phenotypes. Pan-
neuronal expression of kin-29 under the unc-14 promoter
(Ogura et al., 1997) rescued the body size defects of kin-
Figure 6. kin-29 Is Expressed in Sensory Neurons, Including the 29(oy38) mutants, and the Syn-Daf phenotype of egl-4;
AWB and AWC Olfactory Neurons, and Is Cytoplasmically Localized kin-29 double mutants (Table 3).
Shown is the expression of a GFP-tagged rescuing kin-29 genomic To further refine the site of action of KIN-29 within the
fragment (green), and an odr-1::RFP fusion gene (red) in an L2/L3 nervous system, we expressed kin-29 under the odr-4
animal. Arrow points to coexpression in the AWB neuron; arrowhead
and osm-6 promoters which have been reported to drivepoints to coexpression in the AWC neuron. kin-29 expression is also
expression in a restricted subset of only twelve pairs ofvisible in additional unidentified sensory neurons. Anterior is at left;
scale—20 m. chemosensory neurons, and in most ciliated neurons in-
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Figure 7. KIN-29 Translocates to the Nucleus upon Heat Shock
A GFP-tagged KIN-29 fusion protein is localized cytoplasmically in neurons (A) and body wall muscles (C) under normal growth conditions at
20C. Upon heat shock at 35C, GFP-tagged KIN-29 translocates to the nucleus in both neurons (B) and muscles (D). Translocation is visible
within 1 hr after heat shock, and is reversible upon temperature downshift.
(A and B) L2 larva; (C and D) adult animal. Anterior is at left; scale—20 m.
cluding all chemosensory neurons, respectively (Collet et nutrient limitation even in the presence of ample food.
In Drosophila, gustatory stimulation, but not metabo-al., 1998; Dwyer et al., 1998). odr-4::kin-29 expression was
sufficient to fully rescue the defect in str-1::GFP expression lism, is sufficient to cause alterations in neuronal cir-
cuits, suggesting that sensory stimulation and metabo-of kin-29(oy38) mutants, and the Syn-Daf phenotype of
egl-4::kin-29 double mutants (Table 3). odr-4::kin-29 ex- lism may have at least partly independent effects on
food responses (Shen and Cai, 2001). kin-29 mutantspression also partly, but significantly, rescued the body
size defects and weakly rescued the hyperforaging pheno- are hyperforaging, and exhibit reduced body size and
delayed development. kin-29 mutants are also hyper-type of kin-29(oy38) mutants (Table 3 and data not shown).
To confirm the expression pattern of odr-4::kin-29, we sensitive to dauer pheromone, suggesting that under
conditions of decreased food signals, the threshold forfused GFP sequences to the C terminus of KIN-29. GFP
expression was observed primarily in chemosensory triggering dauer formation by dauer pheromone is low-
ered. Moreover, activities of both the dauer-regulatoryneurons, with occasional lower levels of expression in
sensory interneurons (data not shown). However, kin-29 TGF- and insulin pathways are reduced in kin-29 mu-
tants. Finally, kin-29 mutants are long lived, a character-expression under the osm-6 promoter failed to rescue
both the body size defects of kin-29(oy38) mutants (Ta- istic that is shared with other sensory mutants that are
unable to correctly regulate insulin signaling in responseble 3) and the Syn-Daf phenotype of egl-4; kin-29 double
mutants (data not shown). In addition, osm-6::kin-29 to nutrient signals (Apfeld and Kenyon, 1999; Sze et al.,
2000). Interestingly, in mice, the MARK2/EMK kinaseexpression was sufficient to rescue the str-1::GFP ex-
pression defects in larvae, but not in adult animals (Table which shows homology to KIN-29 has also been impli-
cated in regulating growth and endocrine signaling (Bes-3). Expression driven by the osm-6 promoter peaks in
the L1 larval stages, and is reduced at later stages (Collet sone et al., 1999). In emk
/
 mice, levels of insulin-like
growth factor are reduced, and the animals exhibitet al., 1998). Failure to maintain receptor expression and
to rescue additional phenotypes may be due to reduced dwarfism (Bessone et al., 1999).
How does KIN-29 regulate sensory signaling? Resto-expression levels of kin-29 at later developmental
stages. Since dauer formation and regulation of body ration of kin-29 function to a subset of chemosensory
neurons (and possibly interneurons) is sufficient to res-size involve modification of different tissues such as
the nervous system, hypodermis, intestine, and pharynx cue the olfactory receptor expression defects, the body
size defect, and the Syn-Daf phenotype, indicating that(Cassada and Russell, 1975; Popham and Webster, 1979;
Vowels and Thomas, 1992; Riddle and Albert, 1997; Suzuki KIN-29 is required to regulate sensory inputs into multi-
ple processes. MARK kinases have been shown to mod-et al., 1999; Inoue and Thomas, 2000), these results indi-
cate that KIN-29 acts non-cell-autonomously within the ulate microtubule dynamics (Drewes et al., 1997), and
correct regulation of the microtubule cytoskeleton ischemosensory neurons to coordinate global changes in
multiple tissue types. crucial for the function of most cell types, including
sensory neurons (Savage et al., 1989; Fukushige et al.,
1999; Dettman et al., 2001). The chemosensory re-Discussion
sponses of kin-29 mutants to specific chemicals are
relatively unaffected, indicating that the overall func-We have shown that the KIN-29 Ser/Thr kinase may play
a role in the acquisition and subsequent transmission tions of kin-29-expressing sensory neurons are not
grossly compromised. Instead, we have demonstratedof sensory signals to multiple behavioral and develop-
mental circuits. In the absence of kin-29 function, ani- that KIN-29 is required for appropriate levels of expres-
sion of a subset of olfactory receptor genes. We proposemals exhibit a subset of characteristics associated with
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that altered olfactory receptor expression in kin-29 mu- 1998; Carlson, 1999). SNF1 in S. cerevisiae is activated
tants results in an inability to correctly acquire environ- under conditions of glucose deprivation, and is translo-
mental sensory information, resulting in deregulated cated to the nucleus, where it is proposed to phos-
sensory inputs. KIN-29 may also regulate additional as- phorylate transcription factors to derepress glucose-
pects of sensory neuron function required to acquire repressed genes (Woods et al., 1994; Wilson et al., 1996;
and relay sensory signals. It is unlikely that altered che- Ostling and Ronne, 1998; Treitel et al., 1998; Carlson,
moreceptor expression is a consequence rather than a 1999; Vincent et al., 2001). SNF1 also plays a role in
cause of decreased sensory inputs. First, KIN-29 acts the responses to heat shock (Thompson-Jaeger et al.,
cell-autonomously to regulate receptor expression, indi- 1991), and activated SNF1 has been correlated with
cating that absence of KIN-29 function in other cell types accelerated aging (Ashrafi et al., 2000). Although KIN-29
has no effect on receptor expression, and second, ex- is not the C. elegans ortholog of either AMPK or SNF1
pression of the str-1 receptor is unaffected by starvation, and does not share sequence similarities beyond the
in dauer larvae or by Daf-c mutations in the TGF- path- catalytic domain, we suggest that a subset of functions
way (T. Sarafi-Reinach and P.S., unpublished data). may be conserved.
Experiments performed to date suggest that the effect KIN-29 may phosphorylate multiple targets to regulate
of food signals in C. elegans is mediated primarily olfactory receptor expression, and in response to stress.
through serotonin (Horvitz et al., 1982; Avery and Hor- We have isolated several suppressors of the kin-29 mu-
vitz, 1990; Weinshenker et al., 1995; Sawin et al., 2000; tant phenotypes (K. Nolan and P.S., unpublished data).
Sze et al., 2000). Sensory signaling at least in part via Identification of the molecular nature of these putative
tph-1 has been shown to regulate expression of the KIN-29 target genes will be an interesting next step
DAF-7 TGF- ligand (Ren et al., 1996; Schackwitz et al., in further understanding the functions of this kinase in
1996; Sze et al., 2000). However, mutations in kin-29 sensory regulation and signaling.
do not affect daf-7 expression, suggesting that kin-29-
regulated sensory inputs affect the output of the TGF- Experimental Procedures
pathway downstream of or in parallel to the daf-7 ex-
pression step. Moreover, tph-1; kin-29 double mutants Strains
Worms were grown using standard methods (Brenner, 1974). Strainsare Syn-Daf, suggesting that kin-29 acts in parallel to
were obtained from the Caenorhabditis Genetic Center unless notedtph-1 to relay food information to the dauer-regulatory
otherwise. Strains carrying integrated copies of receptor::GFP fu-TGF- and insulin pathways. These results indicate that
sion genes were obtained as indicated previously (Sarafi-Reinachadditional non-serotonin-mediated pathways may also
et al., 2001). A strain carrying stably integrated copies of a rescuing
play a role in transmitting food information. It is impor- GFP-tagged kin-29 fusion gene and lin-15() as a coinjection marker
tant that the decision to enter into the dauer stage be was generated as described (Satterlee et al., 2001). Double and
regulated by multiple, parallel, and partly redundant sen- triple mutant strains were constructed using standard methods, and
confirmed by complementation tests, or by sequencing. Details ofsory inputs such that the qualitative nature of the envi-
strain constructions are available upon request.ronment can be accurately sensed prior to committing
to this major lifecycle decision. This is analogous to the
Isolation, Mapping, and Cloning of kin-29parallel processing described in other sensory systems,
A strain carrying integrated copies of a str-1::GFP fusion genesuch as the visual system, which allows all aspects of
(kyIs104) was mutagenized with EMS using standard methods. Aa given sensory stimulus to be perceived (Stone and
screen of 8,000 haploid genomes yielded kin-29(oy38) andDreher, 1982). Parallel sensory inputs ensure that the
kin-29(oy39), identified on the basis of reduction or loss of expres-
activities of the TGF- and insulin pathways are tightly sion of str-1::GFP using a Leica MZ12 dissection microscope
regulated by sensory information. equipped with epifluorescence. These alleles failed to complement
Experiments described here also suggest a role for each other for the str-1::GFP expression, and body size phenotypes.
Alleles were outcrossed eight times prior to characterization.sensory signaling in the regulation of body size. Body
kin-29(oy38) was mapped with respect to deficiencies, duplica-size has been shown to be regulated by the DBL-1 TGF-
tions, and polymorphisms to a small interval on LG X. The pheno-ligand (Suzuki et al., 1999). Sensory inputs could regu-
types of kin-29(oy38) were rescued by the single cosmid F58H12late the DBL-1-mediated TGF- signaling pathway, or from this region. No single predicted ORF from this cosmid rescued
could function via an independent mechanism to regu- the kin-29 defects. Analysis of ESTs yk400d4, yk225b5, yk132c2,
late body size. Mutations in kin-29 do not affect other and yk49d2 identified an initially mis-annotated ORF containing se-
food and serotonin-regulated behaviors, such as egg- quences partly included in the ORF F58H12.1. The corrected kin-29
sequence has been deposited in GenBank (gi15420887). An 10 kblaying and locomotion. Thus, different behavioral and
PCR product containing 0.8 kb of upstream promoter sequences,developmental circuits may be regulated by several in-
all predicted kin-29 exons, and1.4 kb of 3 untranslated sequencesdependent sensory pathways.
rescued all phenotypes of kin-29(oy38) including the defects in re-
In addition to regulating sensory signaling, KIN-29 ceptor expression, body size, and growth, and also rescued the
may also play a role in cellular responses to stress. The receptor expression and body size defects of kin-29(oy39) mutants
growth rate defect of kin-29 mutants is exacerbated at (Table 3 and data not shown).
higher temperatures, and we have shown that heat To identify the nature of the lesions in the kin-29 alleles, the entire
genomic coding sequence was amplified in several pieces fromshock causes a rapid and reversible translocation of
oy38 and oy39 mutants, and the products of two independent PCRKIN-29 to the nucleus in multiple cell types. It is interest-
reactions were directly sequenced. The deletion of kin-29 genomicing to note that KIN-29 shares significant homology in its
sequences and replacement by sequences from elsewhere on LG
kinase domain with the AMPK/SNF1 family of kinases. X in oy38 was detected by the failure to amplify expected genomic
AMPK is activated in response to metabolic and environ- fragments, and the amplification instead of fragments indicating an
mental stresses including heat shock, hypoxia, and ex- 6.5 kb insertion. The extent and nature of the rearrangement were
determined by sequencing.posure to arsenite (Corton et al., 1994; Hardie et al.,
Neuron
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Expression Constructs and Generation Lifespan Assays
Lifespan assays were performed essentially as described in Wolkowof Transgenic Animals
The str-219::GFP and str-220::GFP fusion plasmids contain 3 kb et al. (2000). Animals were grown at 20C on standard worm growth
plates for two generations prior to being examined. Young adultof predicted upstream promoter sequences from C42D4.10 and
C42D4.9, respectively, fused to GFP (Troemel, 1999). Additional re- animals were transferred to plates containing a bacterial food
source, and 0.1 mg/ml 5-fluorodeoxyuridine (FUDR), and grown atceptor::GFP fusions examined have been described previously
(Troemel et al., 1995, 1997, 1999; Sengupta et al., 1996; Peckol et 20C. The day of transfer was scored as day 0. Animals were exam-
ined every 1–3 days, and scored as dead if they failed to respondal., 1999; Sagasti et al., 1999).
A GFP-tagged rescuing kin-29 construct was generated by ampli- to touch.
fying 0.8 kb of upstream promoter sequences and kin-29 coding
sequences (excluding those encoding the C-terminal nine amino Acknowledgments
acids), and fusing in-frame to GFP. kin-29 expression constructs
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Detection of Endogenous str-1 Transcripts by RT-PCR
One microgram of total RNA isolated from wild-type, lim-4(ky403),
Received July 31, 2001; revised November 26, 2001.and kin-29(oy38) animals was reverse transcribed using an oligo-
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